The instruments on the Dawn spacecraft are exceptionally well suited to characterize and map the surface composition of Vesta in an integrated manner. These include a framing camera with multispectral capabilities, a high spectral resolution near-infrared imaging spectrometer, and a gamma-ray and neutron spectrometer. Three examples of issues addressed at Vesta are: (1) What is the composition of Vesta's interior and differentiation state as exposed by the Great South Crater? (2) How has space weathering affected Vesta, both globally and at a local scale? and (3) Are volatiles or hydrated material present on Vesta's surface? We predict that Dawn finds many surprises, such as an olivine-bearing mantle exposed near the south-pole, a weakly or un-weathered surface that has been rela- tively recently resurfaced, and a very thin layer of surficial volatiles derived from interaction with the solar wind.
tively recently resurfaced, and a very thin layer of surficial volatiles derived from interaction with the solar wind.
Keywords Vesta composition · Dawn mission · Great South Crater · Space weathering · Volatiles on asteroids
Introduction
Vesta is unique among main-belt asteroids. It is large, second only to Ceres in mass. Its surface is basaltic, implying that it has experienced a planetary scale differentiation that produced a crust and mantle and possibly a core. We have in our meteorite collection a suite of samples, the howardites, eucrites, and diogenites (HEDs; see McSween et al. 2010, this issue) , most of which we believe came from Vesta. These samples, in turn, indicate that the formation of Vesta's crust and mantle occurred in the first ∼30 My of solar system history, well before larger terrestrial planets formed (see Coradini et al. 2011, this issue) . Vesta may thus represent the type of proto-planet that was heated and differentiated early in solar system evolution and was subsequently accreted into the terrestrial planets (see Zuber et al. 2011, this issue) .
Prior to Dawn's arrival at Vesta in 2011, all our information about this intriguing planetary body was derived from telescopic measurements and inferred from the HED meteorites, laboratory analogues, and theoretical modeling. A general review of telescopic measurements of Vesta and its relation to HED meteorites can be found in Pieters et al. (2006) . As illustrated in Fig. 1 , the spatial resolution enabled by HST has clearly shown there to be both albedo and color variations across the surface (e.g. ; . Rather than updating the overview of Vesta with more data and projecting what will be accomplished and discovered when Dawn arrives, we have selected three issues of scientific interest concerning the surface composition of Vesta that are widely discussed within the science community. We highlight these issues as case-study examples to illustrate how the suite of instruments on Dawn can be used in an integrated manner to address fundamental science at Vesta. The three themes discussed below are presented as examples of fundamental science issues that benefit from the integrated approach enabled by Dawn's complementary instruments (Russell et al. 2007 ).
Dawn's instrument suite was designed to characterize several aspects of Vesta's surface composition. The range of spatial information obtained by each instrument provides essential geologic context needed to understand processes that occurred during early surface evolution. Table 1 summarizes the characteristics of the three Dawn instruments and their fields of view are compared in Fig. 2 . See Russell and Raymond (2011, this issue) for an overview of the mission operational timeline.
The Framing Camera (FC) system consists of two identical cameras that will create global maps of topography, albedo, and color using one broadband clear filter and seven band-pass filters across the extended visual wavelength range from 400 to 1000 nm (Sierks et al. 2010, this issue) . Of all the Dawn instruments, the FC provides the highest spatial resolution information for the surface of Vesta. The scientific objectives for FC imaging contribute to the determination of the asteroids' origin and evolution by measuring the asteroids' shape and topography, mapping the surface geomorphology, and characterizing the geological context of surface features and properties. While photogeology provides the qualitative interpretation of two-dimensional images, the third dimension is needed for quantitative geological analyses in terms of surface slopes, volumes, and mass balance of materials. with areas discussed by identified derived from HST images Detailed mapping of the topography is particularly important for understanding surface processes (Jaumann et al. 2007) and is accomplished at Vesta through extensive stereoscopic mapping (Raymond et al. 2011, this issue) . FC multispectral imaging of the surface provides information on the spatial extent and character of compositional units. Age information of surface units is derived from crater frequency distributions measured from image mosaics. Relative ages, in context with the structural and compositional mapping, provide the stratigraphic sequence and thus are key to understanding the geologic history of the body. The Visual and Infrared Mapping Spectrometer (VIR) experiment aboard the Dawn spacecraft is an advanced visible and infrared imaging spectrometer that operates from 0.25 to 5 µm (De Sanctis et al. 2011a, this issue) . The primary objectives of VIR mapping spectrometer at Vesta are the identification and characterization of different compositions and mixtures and the determination of their spatial distribution across the surface. Simultaneous high spectral-and spatial-resolution are needed to investigate surface geology, enabling the identification of mineralogical provinces, and production of maps of rock types and mineral composition. Such integrated maps provide information on the relationship between global and local spectral characteristics. Several diagnostic absorption bands for key minerals occur in the visible and near-infrared regions and can be identified with spectroscopic measurements (Burns 1993; Gaffey et al. 1993; Pieters and McFadden 1994) . Common rock-forming minerals in both meteorites and asteroids exhibit distinctly different and diagnostic absorption bands. The wavelength, shape, and strength of various absorption features are determined by the minerals and molecules present within the first few millimeters of the surface. Each parameter must be measured accurately to make identifications and derive relative mineral abundances. The VIR mapping spectrometer has the resolution and accuracy necessary for this inversion process. VIS and Near IR spectroscopy contribute to asteroid studies by delineating absorption features which are not resolved with broad band filters and by refining the measurement of differences in spectral shape such as band depth and width. VIR will map the surface of Vesta with a spatial resolution of a few tens of meters, and will determine the spatial distribution of the various mineralogical types and their mixtures using both the diagnostic spectral features and the overall brightness.
The Gamma Ray and Neutron Detector (GRaND) is a segmented, deck-mounted nuclear spectrometer. A detailed description of the instrument, data reduction and analysis methods, and prospective results at Vesta can be found in Prettyman et al. (2011, this issue) . The gamma ray spectrometer consists of a large-volume bismuth germinate (BGO) scintillator and an array of CdZnTe semiconductors. The spectrometer is sensitive to the range of gamma rays (300 keV to 10 MeV) produced by the decay of naturally-occurring radioisotopes (K, Th, and U) and nuclear reactions induced by secondary particles (mainly neutrons) from cosmic ray interactions with the bulk surface. The neutron spectrometer, consisting of loaded scintillators (boron-loaded plastic and lithiated glass), is sensitive to leakage neutrons in the thermal, epithermal, and fast energy ranges. Neutron spectroscopy will measure the bulk thermal neutron absorption cross section and average atomic mass, both of which provide linear constraints on elemental abundance. In addition, neutron spectroscopy will provide high sensitivity measurements of the abundance of H. Gamma ray spectroscopy, corrected using neutron measurements, provides absolute abundances and ratios of specific elemental constituents of silicate minerals, including O, Mg, Al, Si, K, Ca, Ti, Fe, Ni, U, and Th. If the HEDs are representative of Vesta, then GRaND will be most sensitive to Fe, Si, and Mg. GRaND is sensitive to the composition averaged over depths of about 100 g/cm 2 (10 s of decimetres). The instrument response is generally omnidirectional, and as a result, the field of view (FOV) is to the horizon at the orbital altitude. The full width at half maximum (FWHM) of the spatial response spans an arc length on the surface of about 1.5 × the orbital altitude. In the 460 km low altitude mapping orbit, GRaND will be sensitive to the composition of the great south polar crater. In addition to whole body abundances and maps of elemental abundances, GRaND will constrain mixing ratios of HED end members and enable calculation of normative mineral abundances for comparison with the direct measurement of mineralogy from VIR.
Three Case Study Science Themes at Vesta
Our perspective of Vesta changed forever when an associated family of small asteroids with Vesta-like properties, commonly called Vestoids, was discovered by Binzel and Xu (1993) . The location of recent measurements of small Vestoids relative to Vesta are shown in Fig. 3 . Not long thereafter measurements made with the Hubble Space Telescope by showed that an enormous crater-like depression occurs near Vesta's south pole, the Great South Crater. What appears to be a central peak of this huge crater that dominates the southern hemisphere can be seen in Fig. 2 . Debates have ensued about just when the formation of the Vestoids and the Great South Crater (GRSC) occurred in Vesta's history and whether or not they are related. The relative size of Vesta's GRSC provides a natural probe into the interior of this relatively small differentiated planetary body. This is a rare opportunity to directly compare the composition from the interior to the crust with the derived products from the mission's orbital phase. The interior of Vesta as exposed by the Great South Crater is thus one of the principal themes that can be uniquely addressed by Dawn's combined instruments. Our expectation derived from knowledge of the Earth's mantle composition and geophysical constraints is that Vesta's mantle is dominated by olivine. In the next section, we discuss various scenarios related to Vesta's crust and mantle composition and how they are addressed by Dawn's instruments.
Not long after the first spectroscopic measurements of Vesta were made that directly linked the asteroid to the basaltic achondrite family of meteorites using diagnostic mineral absorptions (McCord et al. 1970) , Vesta became the center of an intense debate about if and how materials are altered in the space environment, or "space weathered" (e.g. see the range of early discussions in Chapman 1996) . As illustrated in Fig. 4 , the spectrum of Vesta contains diagnostic absorption bands that are almost identical to that of howardite meteorites (but only very fine-grained powders). Why did the surface of Vesta appear relatively pristine and similar to powdered achondritic meteorites whereas the soils of other airless silicate bodies like the Moon (and probably Mercury) have clearly experienced extensive space weathering and are quite different from powdered lo- Fig. 4 Telescopic spectrum of Vesta (circles) compared to laboratory spectra of different particle size separates for the howardite EET87503 (after Hiroi et al. 1994) cal rocks? After decades of study, a principal cause (but not the precise origin) of the optical properties of lunar space weathering is now understood to be the development and accumulation of nanophase metallic iron, npFe 0 , on soil particles (Pieters et al. 2000; Hapke 2001) . A similar accumulation of nanophase opaque particles appears to be operative to a lesser extent on some chondritic asteroid surfaces altering the surface to what is now observed as an abundant class of "S-type" asteroids. At the scale of telescopic measurements of large asteroids, however, Vesta remains unusual and exhibits minor if any weathering effects. For a still unknown reason or reasons, Vesta appears to be relatively immune to these widespread weathering processes. Only a few hints that surface soils may be altered have been detected. Thus, characterizing and identifying the extent and scale of any form of space weathering across Vesta's surface and at local features is vital to understand processes active on all airless bodies and is an ongoing quest and important theme for compositional study at Vesta.
The third case-study theme is the most recent. The study of extraterrestrial water has traditionally focused on comets, icy outer satellites Saturn's rings, and Mars. Anhydrous differentiated bodies like the Moon and Vesta were assumed to have lost any water early in their magmatic history and thus they were not relevant to understanding the role of water in the formation of the solar system. But how dry really is Vesta? The Moon has completely surprised us. The lunar interior is now believed to contain as much water as the Earth's depleted mantle (Saal et al. 2008; Hauri et al. 2011 ) and widespread surficial water and hydroxyl have been detected across the surface of the Moon Clark 2009 ). The instrument complement and measurement sequence at Vesta is well suited to identify the presence of any hydrous component and, if detected, to study its time and spatial variability. If water is found on Vesta the stage will be set for exploration of volatile processes on small airless silicate bodies. The possible presence of any form of water or hydrated material on Vesta is an intriguing and now compelling question.
Theme 1: Interior of Vesta as Exposed at the Great South Crater (GRSC)

GRSC: Background
Although the HED meteorites provide partial constraints for the composition of Vesta, the structure of this proto-planet is unknown. Takeda (1979 Takeda ( , 1997 proposed a layered-crust model of a parent body composed of howardite, eucrite and diogenite meteorites on the basis of x-ray diffraction and microprobe studies of pyroxenes in a suite of these basaltic achondrite meteorites. Observed exsolution and inversion textures reflect a crystallization trend controlled by the conditions on the parent body during formation. Their textures vary systematically with Mg and Ca concentrations. Miyamoto and Takeda (1994) estimated the burial depth of cumulate eucrites (Moore County) of about 8 km, consistent with both the size of the Vestoid asteroids and the depth of the large crater in Vesta's southern hemisphere that measure to be 13 km. The Dawn mission's instrumentation reveal both chemical and mineralogical trends in pyroxenes from the VIR and GRaND instruments while the FC provides topography and albedo and color data along with more detailed geologic context.
Telescopic studies measuring the spectral reflectance of both Vesta and V-type asteroids associated with Vesta (Vestoids) have sought evidence of compositional variations across Vesta's surface and among the Vestoids (Gaffey 1997; Vernazza et al. 2005; Reddy et al. 2010 Reddy et al. , 2011 Carry et al. 2010; Duffard et al. 2004; Moskovitz et al. 2010; De Sanctis et al. 2011b ). Gaffey (1997) examined spectral variations as a function of longitude as Vesta rotates. He noted a particular region on Vesta where both albedo and spectral changes occur; the ferrous absorption band near 1 µm is broader and occurs at a longer wavelength than the average pyroxene absorption band measured elsewhere and the albedo is higher than the average across the surface. These observations would be consistent with an olivine-rich region exposed at that longitude. Efforts to verify a possible olivine exposure have recently been carried out with additional earth-based telescopic measurements (Reddy et al. 2010) and by analyzing the colors of Vesta with Hubble Space Telescope ), but the spatial and spectral resolution was not sufficient to characterize the composition of Vesta's surface further.
Hubble Space Telescope imaging of Vesta revealed the very large crater in Vesta's southern hemisphere , the Great South Crater (GRSC). The impact that created GRSC excavated into the interior and is expected to have removed or redistributed extensive material, perhaps including the Vestoids. Large craters such as the GRSC probe the interior and are thus a likely source of the range of observed achondrite HED meteorites (see McSween et al. 2010) . The HEDs are delivered to Earth, directly from Vesta or indirectly from Vestoids, via chaotic motion such as proposed by Wisdom (1985) and/or the Yarkovsky effect (Bottke et al. 2006 ). The measured depth of the GRSC is ∼13 km , suggesting that the combined suite of instruments on Dawn will look beneath the regolith deeper into the layers of the crust and/or mantle, including the cumulate eucrites studied by Miyamoto and Takeda. The Dawn mission is well suited to map the GRSC in detail and use it as a probe to the interior of Vesta. The geometry of the orbital phase of the mission favors observing the southern hemisphere of Vesta (Russell and Raymond 2011) . High spatial resolution is obtained by the framing camera (FC) providing detailed geologic context, high spectral resolution across the visible and infrared is obtained by VIR providing spectroscopy needed to discriminate pyroxene composition and detect the presence of olivine or other mineral constituents, and coarse-scale (inner-vs outer-basin) elemental abundances are measured by GRaND providing a direct link to solar system materials.
Key questions related to Vesta's interior include:
1. Is a layered crust model of Vesta supported by observations of the walls, floor and central peak of the Great Southern Crater? 2. What compositional variations are observed with depth? Can specific stratigraphic layers be discerned? Are there parallel layers or is there evidence of a more complex evolution? 3. Are lateral variations in composition observed that are distinct from stratigraphic layering (which would suggest spatial heterogeneity of the crust and/or regional deposits)? 4. Is there evidence of diverse basaltic magmatism across the surface, implying varying composition of the interior source region in both space and time? 5. Alternatively, is there evidence for a conglomerate model where significant disruption during the crater forming event that produced the great southern crater resulted in a partial rubble pile or a reaccreted conglomerate?
GRSC: Dawn Science Objectives
Observations of the GRSC with the FC, VIR and GRaND contribute to assessing the character and heterogeneity of materials as exposed on the surface of Vesta and in the crater's interior. Note that there are multiple large craters on Vesta as evidenced by albedo maps. Our focus here is on the southern crater, though the concepts and anticipated results apply to all large and deep craters. Integrating results from all three instruments and including knowledge of the gravity field derived from analysis of the spacecraft's orbit will constrain hypotheses of the interior structure of Vesta proposed above. One hypothesis to be tested at Vesta is that its mantle and lower crust is revealed in and around the GRSC. The questions outlined above are addressed by examining and contrasting materials seen in the central peaks, the walls, and floor of the crater and surrounding ejecta.
GRSC: Data Integration Approach
In the prime geologic mapping orbit, HAMO, the framing camera images surface features in multiple filters at a spatial resolution of 100 m/pixel and S/N > 50 (Sierks et al. 2010, this issue) . In the lowest orbit, LAMO, the spatial resolution is ∼17 m/pixel, but coverage is less. Stereo imaging permits measurement of the depth of the crater, slopes, thickness of different layers observed in the crater wall, and the characteristics of the crater floor and central peak(s). Combining albedo, color and topography, geological maps are produced from which the history of the surface is inferred. These data allow searching for evidence of layering on the crater's walls. The crater bottom may be covered by fall back ejecta, melt ponds or a combination of both. If the GRSC is old, there will be a history of superimposed craters that constrain the impact age by crater frequency distribution on the floor and ejecta.
The Visible and Infrared Spectrometer yields spectral reflectance measurements between 0.3-5.0 µm of different topographic regions with a spectral resolution of δλ/λ = 0.01-0.002 (De Sanctis et al. 2011a, this issue) . The presence of surface mafic minerals is determined from the position of absorption bands in the 1-and 2-micron regions. Combining the position, strength and width of the absorption bands, the chemical mineralogy is inferred by comparison with laboratory spectra and modeling their combination. Pyroxene, plagioclase and possibly olivine are known to be present. Volatile-bearing species (hydrates, carbonates, sulfates and phosphates) exhibit vibrational overtone absorptions in the near-IR and are also plausible constituents anticipated in small abundance or localized areas. Spectral imaging combined with measurements of the thickness of layers will result in determining whether or not the mantle is revealed. Prettyman et al. (2011, this issue) show that GRaND is sensitive to olivine-diogenite mixtures, which may be present in the GRSC. Such mixtures have a different neutron signature than whole rock HED abundances (lower absorption per average atomic mass). In addition, Fe/Si and Mg/Si ratios for olivine are measurably higher than for HEDs. These ratios can be determined by gamma ray spectroscopy. Scatterplots of quantities measured by GRaND would reveal the signature for the lower crust (ultramafic cumulates) and mantle (olivine) on the scale of the crater and possibly at higher resolution, depending on orbital altitude during measurements. GRaND data can be analyzed to determine elemental abundances on a smaller spatial scale, within the compositional units defined by VIR or FC, or by spatial deconvolution, providing information on the variation of elemental composition within the crater (e.g. diogenite-rich outer crater vs. an olivine-rich inner crater as illustrated by Prettyman et al. 2011 ).
GRSC: Possible Outcomes
We hypothesize that lower crust and possibly olivine-bearing mantle lithologies will be seen in the walls and central peak of the Great South Crater. Shown in Fig. 5 are two possible scenarios. In the first, Vesta's interior is layered as proposed by Takeda (1979 Takeda ( , 1997 and the impact producing the Great South Crater exposes relatively pristine layers of Vesta's crust and its mantle, perhaps symmetrically about the impact point. With an energetic impact, the upper crust of Vesta would be excavated and deposited elsewhere, the relaxation of materials to the incident shock wave would produce a central peak, possibly revealing mantle material as a complex crater forms. Depending on how much regolith and/or impact melt accumulates in the bottom of the crater, components of the crust and mantle are revealed around the rim. On the other hand, simulation of an impact into a rotating Vesta (Jutzi and Asphaug 2011) predict a highly asymmetric, variably-shaped ejecta depositional sequence. Moreover, the simulations suggest that at the impact crater, material from as deep as 50 km is exposed and an inverse layering of the ejecta occurs next to the crater.
A second scenario has the event that produced the large crater also disrupting much of Vesta itself. In this scenario, there is reaccretion and reaggregation of large blocks the size of Vestoid asteroids, and the layered interior would be disrupted and jumbled. Compositional and elemental differences would be determined with either or both spectral and elemental mapping by VIR and GRaND. The distribution of material of a single composition would not necessarily be distributed symmetrically about the point of impact. The ability to determine this situation depends on the components of the conglomerate being distinguishable in reflectance and/or gamma-ray and neutron spectroscopy, as well as by units with color differences and morphology as seen from the framing camera. The distinguishing characteristic for this scenario is crater walls that show elemental and mineralogical variations that are not uniform in azimuth. Such results would be indicative of multiple crater/basin forming episodes throughout Vesta's history.
Experience with previous missions to the Moon and Mars suggests we can expect unusual and unexpected materials in the bottoms and sides of the large craters. These results will complement constraints from the gravity field measurements.
Theme 2: Space Weathering on Vesta (Spwe)
Spwe: Background
Space weathering (Spwe) refers to a plethora of processes that act on airless bodies in the harsh space environment. With time, exposed surfaces are often altered by processes that affect both the physical and compositional state in a manner that is dependent on the character of the surface (texture, starting composition, etc.) as well as solar system location (solar wind fluence, micrometeorite flux and energy, temperature, etc.). The effect of exposure is cumulative and thus not a simple story.
With the return of samples from the Moon by the Apollo and Luna missions it was quickly recognized that lunar soils, or regolith, have dramatically different physical and optical properties from those of broken or pulverized local rocks. Lunar soils were darker, absorption bands were greatly subdued, and the overall shape of the continuum was also altered. Decades later, when detailed analyses with modern equipment identified nanophase metallic iron (npFe 0 ) that had accumulated on the surface of lunar grains, it was recognized that these nanophase opaque particles are the principal cause of much of the observed optical properties of lunar soils McKay 1993, 1997; Pieters et al. 2000; Noble et al. 2001 Noble et al. , 2007 . Meteorite regolith breccias, as proxies for asteroidal regolith, were searched for similar nanophase particles, with the howardite Kapoeta being one of the few minor, but successful detections (Noble et al. 2010 ). Laboratory experiments have various degrees of success in simulating these particular space weathering products along with their optical effects (e.g., Cassidy and Hapke 1975; Moroz et al. 1996; Yamada et al. 1999; . A model describing the optical effects of nanophase metallic iron was successfully developed by Hapke (2001) . The question remains: to what extent do the processes active on the Moon also occur on asteroids of the inner solar system and how are they manifested?
Reviews of evidence for space weathering on asteroid surfaces are given by and Chapman (2004) . A recent perspective is also provided by Gaffey (2010) . There has been a long-standing controversy over whether or not many S-type asteroids are the parent bodies of ordinary chondrites, but with a surface that has been altered in the space environment. The issue has been settled by gradual accumulating telescopic data for small asteroids with good spatial and spectral resolution (Binzel et al. 1996 (Binzel et al. , 2004 as well as detailed compositional studies linking S-asteroids and ordinary chondrites during rendezvous of Eros by NEAR (McCoy et al. 2001; Cheng 2002; Bell et al. 2002) and asteroid 25143 Itokawa by Hyabusa (Binzel et al. 2001; Ishiguro et al. 2007 ). Reports on analyses of Itokawa material returned to Earth were presented at the Lunar and Planetary Science Conference in Houston (March, 2011) and showed that indeed Itokawa is composed of LL chondritic material with several particles exhibiting the presence of small amounts of a nanophase metal-rich component indicating spaceweathering. Although the details and rates remain to be explored, the concept of alteration in the space environment during regolith formation on meteorite parent bodies (specifically ordinary chondrite) as well as the Moon is generally well accepted.
Spwe: Dawn Science Objectives
Vesta nevertheless remains enigmatic. Since the discovery that Vesta's near-infrared reflectance spectrum is closely comparable to laboratory measurements of particulate samples of unweathered HED meteorites (McCord et al. 1970) , it has been believed that Vesta's surface shows little or no evidence of space weathering alteration. On the other hand, laboratory experiments conducted on HEDs, and pyroxene constituents, suggest that Vesta-like materials should indeed alter under the effects of ion bombardment and micrometeorite impacts in a way similar to that observed for ordinary chondrite-like materials, but at Vesta the alteration timescale is longer (Hiroi and Pieters 1998; Marchi et al. 2005; Vernazza et al. 2006) . The many controlling variables on the rate of changes with space weathering are poorly constrained. One evolving model for the rate of space weathering on asteroids using age estimates for family members of a few apparently recent asteroid breakups along with asteroid measured color suggest that color changes associated with space weathering may be very rapid (<10 6 yr) (Vernazza et al. 2009 ). For Vesta, the measured crystallization ages of the HED meteorites, however, indicate that the original surface of Vesta is older than the lunar highlands (e.g., McSween et al., 2010) . Thus, the surface of Vesta has had ample opportunity to develop a regolith comparable to other asteroids, unless special events have been encountered.
Under closer scrutiny, the spectrum of Vesta is not directly comparable to typical HED spectra in band strength. Although the prominent mineral absorption bands at 1 and 2 µm of Vesta have the same shape and wavelength as howardites, they are shallow (weaker) when compared to reflectance spectra of typical HED meteorites measured in the laboratory. Assuming the bulk mineralogy of Vesta is not greatly different from the observed range seen in HED meteorites, this minor difference in band strength could simply indicate the asteroid surface has a distinctly fine-grained regolith globally (Hiroi et al. 1994) as illustrated in Fig. 4 . An alternative explanation for the weaker bands observed for Vesta is that the surface has developed a regolith derived from plagioclase-containing HEDs and the finest particles of the regolith are enriched with this feldspathic component and dominate the measured properties. This feldspathic enrichment of the finest fraction has been well-documented for soils on the Moon (Pieters and Taylor 2003) . However, an additional explanation is required to account for differences between Vesta and the family of small asteroids apparently associated with Vesta (the Vestoids of Fig. 3 ) that exhibit similar but stronger diagnostic mineral absorption bands. The strength of the bands observed for the Vestoids are much closer to that observed in laboratory studies of meteorites (Binzel and Xu 1993; Hiroi et al. 1995; Pieters et al. 2006) . Marchi et al. (2010) , Moskovitz et al. (2010), and De Sanctis et al. (2011b) investigated several of the small Vestoids using earth-based telescopes and found that their visible slopes are generally redder than that of Vesta and systematically redder than HEDs measured in the laboratory. The observed trend for Vestoids (steeper continuum, stronger absorption bands) is opposite that observed for S-type asteroids (steeper continuum, weaker absorption bands), again suggesting that Vesta and its family of small asteroids is distinctive.
Our currently poor understanding of the relative role of micro-meteorites, sputtering, solar wind irradiation, presence or absence of metallic iron or troilite, and the timing and abundance of large and small impacts onto Vesta has led to a diversity of predictions and hypotheses about the space weathering environment at Vesta and resulting regolith formation that would account for Vesta's prominent absorptions and relatively unweathered surface. For example, if solar wind protons are found to play a significant role in controlling space weathering products, the presence of an early core dynamo in Vesta could create magnetized surface materials that might shield all or part of the surface (Vernazza et al. 2006 ) perhaps resulting in reduced development of npFe 0 . Alternatively, the simplest explanation is that the materials on the surface have been recently exposed and generally have not had time to develop weathering products (Pieters and Binzel 1994; Wasson et al. 1996) . Recent multispectral measurements across the surface of Vesta with HST have clearly demonstrated that there are nevertheless both albedo variations across the surface as well as color variations. When coupled to the shape model of , there are suggestions that optical properties and topography are coupled in several areas, suggesting regolith alteration and/or movement . Why Vesta's surface appears to be relatively unaltered and does not show significant space weathering is one of the key questions that Dawn addresses.
Spwe: Dawn Data Integration/Approach
All three primary instruments of Dawn contribute key information to understanding the space weathering environment and its products at Vesta. The FC provides first-order distinction by contrasting albedo and color of materials excavated at recent craters relative to surrounding older materials. If stratigraphic diversity is excluded based on geologic context and scale, then any distinctions between the crater and surroundings are due to accumulated environmental processes for the soils at Vesta, and this information sets a primary constraint on active regolith processes. Although FC color ratios can identify and map distinctions across the surface, they cannot characterize the mineralogy. Evaluation of the albedo and relative strength of the ferrous 1 µm absorption band can nevertheless be linked with FC and VIR measurements for the same areas. VIR can then evaluate the full strength and character of the 1-and 2-µm diagnostic absorption bands as well as near-infrared continuum slope, both of which have been shown to be sensitive indicators of exposure for small craters on the Moon (Nettles et al. 2010) . Laboratory experiments suggest that the composition of the surface also has an effect on the degree of space weathering products. For example, olivine is much more susceptible to space weathering than pyroxene ). An olivine-rich surface is predicted to exhibit more space weathering prod-ucts than a surface of comparable exposure age that is dominated by pyroxene. VIR is well suited to explore such issues in tandem with FC data for diverse regions. On the global scale, GRaND measures H abundance across the surface and this can be evaluated as a marker for total exposure to solar wind.
Spwe: Possible Outcomes
Two very different possible situations might be found at Vesta. (1) The surface is ancient and heavily cratered. In this case, if no apparent alteration is detected, e.g., morphologically fresh craters show no difference from background soils, then the environment at Vesta and/or its surface composition must be responsible. For example the lack of abundant metallic iron or troilite (FeS) might slow space weathering to unnoticeable levels. (2) Alternatively, large expanses of the surface are seen to have experienced a relatively recent resurfacing event. This implies there has been insufficient time to produce alteration products. This event could be linked to the formation of the Great South Crater or it could be an aftermath of numerous (but relatively global) smaller events.
Dawn data resolves this dilemma. Shown in Fig. 6 are schematic figures of what the surface of Vesta might look like for the situations described above. The top image is a heavily cratered surface that has resulted from up to 4.5 Ga of cumulative impact bombardment. Old craters are degraded and superimposed, and all craters follow a regular size frequency distribution suggesting an old surface with a well developed regolith. Only a few small fresh craters are observed. The middle image depicts the same ancient surface, but the character of the surface has been affected by a large number of small more recent craters that have brightened and freshened the surface. The bottom figure depicts an old surface that has recently been disturbed by extensive deposits and mixing from a large-scale event, such as that which formed the Great South Crater. Small craters are preferentially removed and features morphologically associated with the resurfacing readily identified. This scenario is preferred-it is consistent with most of the available data and is the easiest to verify or negate (crater statistics, surface morphology, and spectroscopic relation between small craters and their surroundings).
Theme 3: Possible H, Hydroxyl, Water and Other Volatiles on Vesta?
5.1 Water: Background Recent reports of water or at least excess hydrogen and other volatiles on/in the Moon's surface have changed how we think about the surfaces of inner Solar System airless silicate bodies, such as Vesta. Measurements by Lunar Prospector's neutron spectrometer revealed excess hydrogen in lunar polar areas where there are permanently shadowed regions; however, the chemical form of H could not be determined from measurements of neutrons (Feldman et al. 1998 (Feldman et al. , 2000 (Feldman et al. , 2001 Lawrence et al. 2006; Eke et al. 2009) . Excess hydrogen at the poles was also detected by the Lunar Reconnaissance Orbiter (LRO) mission's Lunar Explorer Neutron Detector (LEND) (Mitrofanov et al. 2010a (Mitrofanov et al. , 2010b (Mitrofanov et al. , 2010c Lawrence et al. 2010) , confirming the earlier findings. The Moon Mineralogy Mapper (M 3 ) imaging spectrometer on Chandrayaan-1 recently reported the widespread occurrence of reflectance spectrum absorptions in the 3-µm spectral region that appear the same as is commonly seen for OH and H 2 O-rich surfaces in the laboratory and other parts of the solar system ). This result was verified and elaborated on by Clark (2009) using new observations by the infrared spectrometer aboard the Deep Impact spacecraft. The Lunar Crater Observation and Sensing Satellite (LCROSS) experiment impacted the Centaur up- Fig. 7 Reflectance spectra of Vesta, a HED meteorite, and Mars. Mars and the meteorite spectra show OH absorptions near 3 µm. The Vesta spectrum exhibits strong ferrous bands near 1 and 2 µm, but has only weak or no OH absorption per stage rocket into a shadowed part of a lunar polar crater in October 2009, and evidence of water ice and other volatile materials were reported in the resulting excavated plume (Colaprete et al. 2010a (Colaprete et al. , 2010b Schultz et al. 2010) .
Of particular interest is the presence of water and its constituents on other airless bodies in the solar system. OH and H 2 O on or in an airless object such as the Moon or Vesta can come from three major sources: (1) intrinsic to the material forming the planetary body, (2) from in-fall of cometary and hydrated meteorite materials, and (3) from solar-windproton-induced hydroxylation.
Solar wind induced hydroxylation is most likely of the available processes to be responsible for the M 3 observations of widespread OH/H 2 O (McCord et al. , 2010a (McCord et al. , 2010b (McCord et al. , 2010c . This finding is based on the behavior of the M 3 OH/H 2 O spectral features relative to Moon physical properties, on a considerable history of evidence of solar wind interactions with the surface material, and on a number of laboratory studies showing evidence of proton induced hydroxylation by irradiation (e.g. Zeller et al. 1966; Zent et al. 2010 ). Dawn is almost certainly able to detect and map any OH/H 2 O in Vesta's surface layer due to this process, as it should be as sensitive as was M 3 but with better spectral and temporal coverage.
Detailed petrographic analyses of the eucrite Serra de Magé identified the presence of veins that contain quartz likely deposited from liquid water solution (Treiman et al. 2004) . It was hypothesized that these were short-lived events on the parent body Vesta, possibly derived from comet impacts. Telescopic observations of Vesta shown in Fig. 7 are said to hint at the presence, but currently show no strong evidence of water or OH on Vesta (Hasegawa et al. 2003; . Vesta has an airless basaltic surface and is relatively warm and so would be expected to be very dry, as was the Moon. Still, some or all of the processes proposed to be responsible for the lunar surface water may also operate on Vesta. Differences in solar wind induced hydroxylation between the Moon and Vesta are likely, since Vesta is further out in the solar system and is cooler than the Moon. It is also possible that Vesta could accumulate more water/hydrate-rich material from the outer asteroid belt. On the other hand, if Vesta has a magnetic field, it might deflect the solar wind and inhibit OH/H 2 O formation on the surface by the proton-induced hydroxylation. Prettyman et al. (2011, this issue) point out that the average abundance of H in howardite, from chondritic clasts, is over four times higher than the lunar average H, and suggest that the bulk (meter scale depth) H determined by GRaND at Vesta would provide constraints on the in-fall of hydrated meteoroids. Other volatiles might also be present. In general, ices are not thermally stable on or in the upper meters of the surface of Vesta, due to the relatively high temperatures, up to ∼250 K, and lack of a substantial atmosphere. There could be venting from the interior from trapped deposits due to infall or from Vesta's evolution. CO 2 , for example, is a strong absorber in the IR spectrum and, if present, should be detected by VIR.
Water: Dawn Science Objectives
Detection of excess hydrogen, OH and H 2 O, and other volatiles (e.g. CO 2 ), are prime science objectives for Dawn, based on the recent experience with the Moon. These materials may be present in the surface, as they are on the Moon, due to several sources, and they may be relatively static deposits in the surface materials or due to active venting from the interior. The VIR measurements are of high value for detecting and mapping the several OH and H 2 O absorption features as well as other volatile that might be present. These molecules in general create strong absorptions in the infrared reflectance spectrum. GRaND measurements are also sensitive to the presence of hydrogen in any form, as a separate ion or molecule or incorporated in other molecules, such as OH, but GRaND does not distinguish the molecular forms present. The VIR measurements of IR absorptions will be affected by contributions of radiation from thermal emission at longer wavelengths and require a careful assessment of temperature distributions and associated effects.
Water: Dawn Data Integration Approach
The two most important instruments on Dawn to study volatiles are VIR and GRaND, but they make very different measurements and have very different sensitivities. They each measure a different part of the surface material (VIR the top few millimeters and GRaND the top meter). GRaND is sensitive to hydrogen atoms but cannot distinguish among the molecular forms. VIR is sensitive only to the molecular forms but can distinguish several. The two instruments acquire data during different periods of Dawn activities at Vesta. The prime period of VIR data acquisition is during the Survey orbits early in the mission timeline when almost the entire surface will be acquired. More limited coverage is forseen during the high altitude orbit, HAMO, and low altitude orbit, LAMO, but with increasing spatial resolution. The prime period for GRaND data acquisition is later during the extended low altitude orbit period, LAMO, where GRaND integrates data from many orbits, building up a global map uniformly over time. As a result, VIR will be sensitive to time-varying events, depending on its spatial viewing, while GRaND will be sensitive to large-scale, time-integrated effects. When VIR and GRaND observations and results are both available, of particular interest are spatial and relative abundance comparisons between the detections of H and OH/H 2 O molecules.
Water: Possible Outcome
Finding volatiles of any type on/in Vesta would be unexpected. Vesta is an airless body with a surface temperature high enough to prevent preserving most volatile over geologic time. The most likely sources of volatiles are from exogenic processes, such as solar wind implantation, or due to transient events, such as recent cometary impacts. Volatiles from either of these sources could migrate or be gardened into the surface regolith over time, and so the deposits could be secondary to the original source. Thus, any findings must be carefully analyzed for cause and effect.
The Vesta measurements provide a critical constraint on how OH/H 2 O forms on airless bodies of the solar system, whether these molecules are found or not. The proposed source of these molecules is solar-wind proton implantation and combination with unsatisfied oxygen bonds on the soil grain surfaces and in internal crystal defects to form OH and H 2 O. Finding OH on Vesta with properties consistent with this hypothesis would be a powerful confirmation, and it would support the proposal that this is a widespread process.
Not detecting OH may not be definitive. There are several possible explanations for nondetection. Certainly, the solar wind should still be a source of hydrogen at Vesta. Compared to the Moon's surface, the solar wind at Vesta should have about the same velocity and thus, per particle, about the same energy and penetration depth in the surface grains. But, the density of the wind at Vesta should be lower than at the Moon by a distancesquared relationship, or about a factor of 4.5, assuming the solar wind experiences approximately spherical expansion from the Sun. Thus, the same physical processes should be possible at Vesta as for the Moon, but perhaps operating at a slower pace by the above factor. However, the formation on the lunar surface seems to depend on the nature of the lunar soil particle, as well as on the properties of the solar wind. The grains are heavily physically damaged, due to micrometeorite impacts and radiation sputtering in a vacuum. This results in a very chemically reactive material with a high density of dangling oxygen bonds. Lunar soil grains have large surface areas and many internal crystal defects. Vesta's surface, on the other hand, seems to be relative more crystalline and undamaged (low space weathering) and therefore may be relatively chemically inactive. Also, OH formation on the Moon seems to be related to surface mineralogy and stronger for highly feldspathic material, which is less abundant on Vesta. So, although the solar wind should produce the same physical effect at Vesta and at the Moon, although at a slower pace, the properties of the Vesta surface material may limit implanted proton-induced hydroxylation.
Thus, detection of H and OH/H 2 O on Vesta (or not), and correlations with Vesta surface properties, is key to understand the underlying process(es) and their potential for affecting other Solar System bodies.
Concluding Remarks
As the Vesta data from Dawn's Framing Camera (FC), Visible and Infrared imaging spectrometer (VIR), and Gamma Ray and Neutron Detector (GRaND) are acquired and analyzed in an integrated manner along with key radio-science information constraining Vesta's interior, an assessment of the composition and history of the only known differentiated silicate proto-planet of our solar system will emerge. The integrated approach for example science themes discussed above is summarized in Table 2 . The integration of these diverse data will take some time since each of the mission phases brings increasingly more complete information from each instrument (Russell and Raymond 2011) . Some of the science issues outlined above will be resolved quickly, others more slowly, and a plethora of new questions (currently unknown) will be urgently posed. As Vesta is gradually revealed by Dawn, her character and secrets will be sure to both delight and surprise us. 
